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INTRODUCTION 
Many ceramic matrix composites have been investigated to enhance 
fracture toughness of ceramics. Especially in continuous fiber 
reinforced ceramics remarkable increase of toughness has been reported 
[1,2]. In such composites, it is very important that the mechanism of 
stress shielding can enhance fracture toughness, in which crack bridging 
and sliding of interface between matrix and fiber occur and then stress 
is transferred. The SiC fiber reinforced glass composite was used as a 
model material where friction between matrix and fiber provides stress 
transfer. The interfacial shear stress of this composite has been 
measured by the indentation method [3,4]. AE waveforms during this test 
were recorded. In this paper we try to identify the microfracture 
mechanisms by using AE radiation pattern which is a far-field 
displacement of AE waveform [5,6]. Quantitative parameters of 
microcracking such as size and mode in monolithic materials have been 
evaluated by using the advanced AE measuring system with 6 channels and 
analysis system [7]. However, there are many types of micro fracture in 
these composites and mechanical model of each micro fracture for AE is not 
clear. Here we try to classify micro fractures into several types. And 
then fracture process of this composite will be discussed. 
PRINCIPAL OF AE RADIATION PATTERN 
It is well known that the radiation pattern of displacement field of 
AE waveform depends on the mode of AE source [5,6]. Consequently, the 
mode of AE source can be identified by using the difference of the 
radiation pattern of AE waveform. 
Monopole 
First, let us consider the displacement field due to a monopole 
force. The displacement of the far-field longitudinal wave uiP can be 
represented as 
Y;YjFj(t-rla) 
4npa 2 r 
where GI) is the Green's function of an infinite media, * indicates the 
convolution with respect to time, F is the monopole force, p is the 
density of material, a is the longitudinal wave velocity, r is the 
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distance, y is the direction cosine and t indicates time. The 
displacement of the radial direction in polar coordinates u~P is given by 
"VJFJ(t-rla) 
4npa 2 r 
Putting "V=(sine,cos~,sine,sin~,cose) and F=(O,O,F o), we get 
FP cosqFoCt-rla) 
u = . 
r 4npa 2 r 
In the case of dipole force, the displacement of far-field 
longitudinal wave u[P can be represented as 
"V I"V j"Vk D /k(t - rIa) 
4np a 3 r 
(2) 
(3) 
(4) 
where D ik is the moment tensor for dipole force. 
microcracking can be represented as 
This moment tensor for 
(5) 
where ~ and v are Lame's constants, fiik is the Kronecker's delta, u is the 
displacement discontinuity of microcracking surface and ~A is the area 
of microcracking [7). The displacement of the radial direction in polar 
coordinates u~P is given by 
If microcracking is purely tensile, we can choose u=(O,O,uo) and 
v - 0,0,1. Then the radial displacement is given by 
In the case of pure shear microcracking, we can choose u=(O,uo,O) and 
v=(O,O,l). Then the radial displacement is given by 
EXPERIMENTAL PROCEDURE 
Material 
(6) 
(7) 
(8) 
The composite which was used in the experiment consists of the SiC 
fiber (AVCO, SCS-2) and Pyrex glass (Corning #7740). The fibers which 
have an average diameter of 147 ~ were aligned in a layer with the 
interval of about 200 ~ and were covered with two glass sheets. After 
that the samples were hot-pressed in the condition of temperature of 900 
K and pressure of 10 MPa. The samples were cut and polished were used in 
the experiment. Figure 1 shows the geometry of the specimen. 
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Figure 1 Geometry of the specimen of SiC/glass composite which was 
used for indentation. 
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Figure 2 Principal of the indentation method, where F is the applied 
load and R is the radius of fiber. 
Interfacial Shear Stress Test 
Figure 2 shows the principal of the indentation method. A fiber is 
pushed vertically by the indentor and the load to fiber is measured. If 
the interface between fiber and matrix slides perfectly, the interfacial 
shear stress is calculated by the following formula, 
"t - F /2nR 1, (9) 
from the balance of force, where F is the load when sliding starts, R is 
the radius of fiber and 1 is the length of fiber. Also only the matrix 
was pushed to understand the interfacial behavior. 
AE Measurin~ System 
AE measuring system with 2 channels is shown in Figure 3. 
Transducers were attached to the sample with a bond. The AE transducer 
(Physical Acoustic Cooperation, Pico) has a resonance frequency of 500 
kHz and an effective frequency range up to 2 MHz. AE waveforms of 2 
channels were recorded by the wave memory (NF, AE9620) with sampling rate 
of 50 ns and 2 kwords each channel. Also conventional AE para~eters such 
as event and amplitude with the load to fiber were analyzed by AE 
processor (NF, AE9600). Microcomputers (HP, model 216 and model 310) 
were used to record the AE parameters and waveforms via GP-IB interface. 
RESULTS 
AE Waveform 
Figures 4 and 5 show the examples of AE waveforms during indentation 
by Vickers indenter. AE waveforms can be classified into two groups. 
One group has the same phase of the first rising part of wave in two 
channels, which is shown in Fig. 4. The other group has the opposite 
phase, which is shown in Figure 5. 
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Figure 3 Acoustic emission measuring system with 2 channels. 
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Figure 4 Example of acoustic emission waveform with 2 channels, which 
has the same phase. 
Load Curves and AE Characteristics 
The time-load curve and time-AE amplitude plot during indentation of 
the fiber are shown in Figure 6. Load increased linearly and then 
dropped slightly. This point seems to correspond to the start of 
debonding. From Equation (9) interfacial shear stress is calculated as 
about 7 MPa. AE with the same phase is plotted as 0 and on the other 
hand AE with the opposite phase is plotted as~. This figure shows that 
first AE with the same phase was generated, secondly AE with the opposite 
phase and amplitude of more than 80 dB appeared and again AE with the 
same phase was generated. The time-load curve and time-AE amplitude plot 
during indentation of the matrix only are shown in Figure 7. First AE 
with the same phase was generated and the AE with the opposite phase and 
amplitude of less than 80 dB was emitted. Figure 8 shows the time-load 
curve and time-AE amplitude plot when fiber was pushed but only matrix 
cracked. First AE with the same phase was generated and then AE with the 
same phase and amplitude of more than 90 dB appeared. 
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DISCUSSION 
AE Radiation Pattern 
The difference of the displacement fields of AE waveform due to AE 
source characteristics is schematically shown in Figure 9 by using 
Equations (3), (7) and (8). If AE source is a mole force and transducers 
are attached in the opposite side, AE waveforms of 2 channels have the 
opposite phase. In the case of the dipole with pure tensile mode, AE 
waveforms have the same phase that does not depend on the positions of 
transducers. If AE source is a dipole with pure shear mode, AE waveforms 
have the opposite phase that depends on the positions of transducers. 
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Example of acoustic emission waveform with 2 channels, which 
has the opposite phase. 
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Time-load curve and time-AE amplitude plot during indentation 
of fiber. 
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Time-load curve and time-AE amplitude plot during indentation 
of matrix only. 
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Time-load curve and time-AE amplitude plot when fiber was 
pushed but only matrix cracked. 
AE Sources in Indentation 
Let us consider the AE sources during indentation in this composite. 
If AE source due to the contact of indenter is either matrix cracking or 
fiber cracking, the mode of source can be considered as dipole with 
tensile mode, which is shown in Figure 10. In the case of debonding at 
interface between matrix and fiber, the mode of source can be considered 
as dipole with shear mode. In the case of friction between specimen and 
fixture, the mode of source can be considered as monopole. 
Figure 9 
Figure 10 
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Schematic figure of the radial displacement fields of 
acoustic emission waveform due to monopole source, dipole 
source with tensile mode and dipole source with shear mode, 
respectively. 
Microcracking 
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Debonding 
dipole, shear 
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Several acoustic emission sources during indentation in 
ceramic matrix composites. Microcracking of both fiber and 
matrix is a dipole source with tensile mode. Debonding is a 
dipole source with shear mode. Friction is a monopole 
source. 
Mjcrofracture Process jn Indentatjon 
The micro fracture process during indentation can be explained from 
the AE characteristic, shown in Figures 6-8, under consideration of AE 
radiation patterns and AE sources, which are mentioned in previous 
paragraphs. AE with the same phase at the beginning of indentation in 
Figure 7 can be considered as micro cracking of matrix. On the other 
hand, AE with the opposite phase and amplitude of less than 80 dB is due 
to the friction between specimen and fixture, which is often detected in 
bending test of ceramics. AE with the same phase at the beginning of 
indentation of Figure 8 can be identified as fiber cracking. After that 
matrix cracking could be generated associated with AE of over 90 dB 
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amplitude. Also AE with the same phase at the beginning in Figure 6 is 
due to cracking of fiber. Next AE with the opposite phase is the local 
debonding at interface. AE with relatively small amplitude after sliding 
of fiber is due to friction between specimen and fixture. Finally AE 
with the same amplitude is generated due to cracking of matrix. 
CONCLUSIONS 
The interfacial shear stress of SiC fiber reinforced glass composite 
was measured by indentation. AE during indentation was analyzed by AE 
radiation patterns. AE waveforms were classified into several groups, 
that is 1.) AE with the same phase at the beginning of indentation, 2.) 
AE with the opposite phase and high amplitude at the middle of 
indentation, 3.) AE with the opposite phase and low amplitude during 
indentation, and 4.) AE with the same amplitude at the middle or end of 
indentation. It can be concluded that these groups correspond to 
cracking of fiber, debonding at interface, friction between specimen and 
fixture, and cracking of matrix, respectively. 
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